Within the order Scorpiones, the parthenogenetic mode of reproduction has been described for 11 species, 6 of which belong to the genus Tityus. In this work, an investigation of the chromosome characteristics of 2 populations of Tityus serrulatus, the first scorpion species known to be thelytokously parthenogenetic, is described. An analysis of 40 individuals revealed holocentric chromosomes of large, medium, and small sizes and an invariable diploid number of 2n 5 12. In addition to the conserved macrokaryotype structure, specific chromosome regions also appeared unchanged within and between the samples studied; that is, each sample displayed only one chromosome carrier of the active nucleolar organizer region containing ribosomal genes (5.8S, 18S, and 28S) and AT-rich heterochromatin associated with the ribosomal DNA. The high conservation of the chromosomal features observed in T. serrulatus differed from that verified in certain species of other groups of animals that possess both holocentric chromosomes and parthenogenetic reproduction. Moreover, the cytogenetic results obtained herein permit us to suggest how the eggs of T. serrulatus develop, whether by apomixis or automixis.
Thelytokous parthenogenesis is a mode of reproduction in which virgin females produce exclusively female progeny without egg fertilization. Although there are a wide variety of modes of egg production in parthenogenetic animals, the 2 main types of thelytoky are as follows: apomictic, in which meiosis is completely suppressed, and automictic, in which meiosis still occurs during egg development and restoration of zygote diploid number can be realized by distinct mechanisms (White 1973) . Reduced genetic variation within a parthenogenetic population can diminish its adaptive potential to environmental changes or its competitive ability with sexual species. Although DNA mutations represent a source of variability in parthenogenetic species, in many cases these events can be more deleterious than favorable (Lattorff et al. 2005) . However, parthenogenetic organisms have some advantages over sexual organisms, such as a high number of reproductive individuals (because populations are solely composed of females), transmission of rare alleles that increase parental fitness to all offspring, and the fact that females do not have to find a mate to reproduce, providing the chance of a single individual founding a new population. Thelytokous forms have a great potential for dispersal (Jaffe 2004; Engelstädter 2008) .
In the Arachnida, the parthenogenetic mode of reproduction is frequent in mites (Wrensch et al. 1994 ), but it has been observed more sporadically in spiders and harvestmen (Lake 1986; Tsurusaki 1986; Edwards et al. 2003) . In Scorpiones, among approximately 1500 species described, only 11 have thus far been found to be parthenogenetic (Toscano-Gadea 2004; Yamazaki and Makioka 2004; Lourenc xo 2008) . These 11 species belong to the family Buthidae: Ananteris coineaui, Centruroides gracilis, Hottentotta caboverdensis, Hottentotta hottentotta, Tityus colombianus, Tityus metuendus, Tityus serrulatus, Tityus stigmurus, Tityus trivittatus, Tityus uruguayensis; and family Liochelidae: Liocheles australasiae. With the exception of T. metuendus, in which arrhenotokous parthenogenesis was observed, all other scorpions were thelytokous (Lourenc xo and Cuellar 1999; Lourenc xo 2008). The first case of parthenogenesis in scorpions was described for a species endemic to Brazil, T. serrulatus, which was considered to be obligately thelytokous (Matthiesen 1962) . However, Souza et al. (2009) reported the possible discovery of 2 male T. serrulatus in southeast Brazil. Currently, T. serrulatus exhibits a broad distribution pattern in the Brazilian territory, and its geographical expansion and colonization of urban areas have mainly been attributed to parthenogenesis (Lourenc xo 2008) .
A detailed cytogenetic study of species of scorpions that reproduce parthenogenetically has not yet been performed. Only brief chromosomal descriptions have been provided by Piza (1947 Piza ( , 1950 , and these mention the occurrence of the diploid number 2n 5 12 in T. serrulatus and 2n 5 16 in T. stigmurus. A description by Yamazaki et al. (2001) recorded 2n 5 54-64 in L. australasiae. In this work, 2 distinct populations of T. serrulatus were investigated to establish the diploid number and kinetic nature of the chromosomes, to determine the distribution patterns of the ribosomal DNA (rDNA) site, the constitutive heterochromatin, and the AT-and GC-rich chromatin regions, and to verify if there is interpopulational chromosome variability. The individuals captured lived inside a cemetery in an urban area and near human habitations in a rural area.
Materials and Methods
The T. serrulatus sample included 27 individuals (6 adult females, 2 adult females of approximately 15 and 30 days after the last parturition, one 6-month-old female, five 9-month-old females, five 10-month-old females, and 8 embryos of 2 distinct progenitors) collected from an urban area in Americana (lat 22°44#S, long 47°19#W), state of São Paulo, Brazil, and 13 individuals (embryos of 6 different progenitors) captured in a rural area of Ituiutaba (lat 18°58#S, long 49°28#W), state of Minas Gerais, Brazil. Some specimens were kept in plastic containers with a soil layer, water, and food (cockroach). Information regarding the time passed after parturition and age of the females were obtained by direct observations of the individuals in captivity. Voucher specimens were deposited in the Laboratório de Artrópodes-Instituto Butantan and Museu de Zoologia-Universidade de São Paulo, São Paulo, state of São Paulo, Brazil. Individuals were dissected in insect saline solution (128.3 mM NaCl, 16.7 mM Na 2 HPO 4 , 19.9 mM KH 2 PO 4 ), and the ovaries and embryos were removed and subjected to hypotonic treatment (1:1 insect saline solution:tap water) for 12 min. Gonads and embryos were fixed in Carnoy I (3:1 methanol:acetic acid) for at least 30 min and subsequently macerated on the slide in 45% acetic acid solution. Slides were dried on a metal plate at 35-40°C. Chromosome preparations were standard-stained with 3% Giemsa solution (3% of commercial Giemsa and 3% of phosphate buffer [pH 6.8] in distilled water). Chromosome carriers of the active nucleolar organizer region (NOR) and ribosomal genes (5.8S, 18S, and 28S) were identified using silver impregnation (Howell and Black 1980) and fluorescence in situ hybridization (FISH) with a pDm 238 rDNA probe (Viégas-Péquignot 1992), respectively. Probes were labeled with biotin by nick translation and detected with fluorescein isothiocyanate (FITC). Chromosomes were counterstained with 4#-6-diamidino-2-phenylindole (DAPI). The C-band distribution pattern was determined according to Sumner (1972) . To visualize the AT-and GC-rich chromatin regions, some chromosomal preparations were stained with chromomycin A 3 (CMA 3 ) and DAPI, and counterstained with distamycin A (DA), according to Schweizer (1980) .
Results
In all T. serrulatus individuals from the 2 populations, mitotic cells stained with Giemsa invariably exhibited 2n 5 12 and the chromosomes lacked a localized centromere. In metaphase cells, 4 large, 4 medium, and 4 small chromosomes were easily observed ( Figure 1a) . Additionally, in some cells, chromatin that was less condensed and less stained was verified in the terminal and/or interstitial regions of the large-and medium-sized chromosomes. In early anaphase cells, the sister chromatids showed a parallel disposition, confirming the holokinetic nature of the chromosomes (Figure 1b) . Meiotic cells were not encountered in chromosomal preparations from adults or juveniles.
Silver-impregnated mitotic metaphase cells of adults, juveniles, and embryos of both populations always revealed one active NOR on the terminal region of one small-sized chromosome (Figure 2a,b) . The C-banding technique also revealed one block of constitutive heterochromatin in the terminal region of one small-sized chromosome (Figure 2c ). This C-band positive region seemed to be coincident with the NOR, but analysis of cells subjected to both C-banding and silver impregnation showed that the NOR was smaller and located at a more terminal region than the constitutive heterochromatin (Figure 2d ). Metaphase cells subjected to FISH demonstrated that the rDNA site was coincident with the active NOR in number and localization (Figure 3a,c) . When these same cells were analyzed with a filter appropriate for DAPI fluorescence, conspicuous terminallabeled regions were visualized in 2 large-sized chromosomes and in the chromosome carrier of ribosomal cistrons (Figure 3b) . Additionally, tenuous bright regions occurred in the terminal segments of all chromosomes, with the exception of one small element that appeared to be homogeneously stained. Although numerous attempts were made to visualize AT-and GC-rich chromatin regions in CMA 3 /DA/DAPI triple stained chromosomes, no bright regions were observed. This negative result was confirmed when chromosomal preparations of Bothriurus rochensis (Scorpiones, Bothriuridae) (used as positive control material) revealed some AT-labeled regions.
Discussion
The thelytokous parthenogenetic mode of reproduction occurs in more than 1500 animals of unrelated phylogenetic groups, suggesting an independent evolutionary origin across species and populations (White 1984) . The fundamental characteristic of obligate thelytokous reproduction is that a particular combination of genes is perpetuated ad infinitum in a population. However, numerous thelytokous species are highly heterozygous due to the accumulation of mutations, chromosomal rearrangements, or hybrid origin (White 1973 ). The samples of T. serrulatus studied in this work were collected in 2 distinct urban and rural areas. Despite the fact that these populations are separated by a distance of approximately 550 km, all individuals showed similar chromosomal characteristics, indicating a high level of conservation of macrokaryotype structure, as well as of specific chromosome regions such as the ribosomal site, constitutive heterochromatic regions, and AT-rich sequences. In a species of mite that possesses obligate parthenogenetic reproduction, Weeks and Hoffmann (1998) verified that environmental heterogeneity contributes to the maintenance of genetic diversity within a population. Between the 2 populations of T. serrulatus, genetic variability may also exist, but it did not result in perceptible chromosomal differences.
The holocentric nature of T. serrulatus chromosomes was established for the first time in the present work. This type of chromosome seems to be a shared characteristic among all species of Buthidae, which was determined by Soleglad and Fet (2003) to be a phylogenetically basal family within the order Scorpiones. Rearrangements of the interchange, fission, and fusion type are frequent in species possessing holocentric chromosomes. In general, these events are not deleterious because all chromosome fragments generated by rearrangements can segregate normally during anaphase (Luceño and Guerra 1996; Wolf 1996; Dernburg 2001; Sumner 2003) . In T. serrulatus, evidence of numerical or structural chromosomal changes was not observed. Nevertheless, in some species of Heteroptera that display a combination of both holocentric chromosomes and parthenogenetic reproduction, an exceptional level of intraspecific variation in diploid number and chromosome size, as well as of the number and distribution of rDNA, has been observed (Normark 1999; Blackman et al. 2000) . Perhaps, the lack of chromosome rearrangements in T. serrulatus could maintain in an unbroken state certain combinations of genes that are selectively advantageous.
The use of techniques that highlight specific chromosome regions revealed surprising information about T. serrulatus, particularly the restriction of the rDNA site to just one chromosome. Furthermore, the AT-rich heterochromatic region adjacent to and interspaced with the ribosomal cistrons was also restricted to a single chromosome. This is the first study to utilize FISH in Scorpiones as a whole, and, until now, no data regarding the NOR distribution pattern in Buthidae had been obtained. However, our analyses in 3 other species of the genus Tityus and 2 other buthids invariably revealed 2 active NORs. Heterochromatic regions adjacent to the NORs also seem to be a common characteristic in scorpions as these occur not only in Buthidae but also in the Bothriuridae family (Schneider et al. 2009a (Schneider et al. , 2009b .
In T. serrulatus, all cells of the approximately 40 individuals analyzed only revealed one silver-impregnated chromosome. The occurrence of more than one chromosome carrier of functionally inactive ribosomal genes was completely excluded with the use of the FISH technique. In the chromosomes of parthenogenetic aphids (Heteroptera) that are permanently apomictic, ribosomal genes on only one X chromosome were also observed. This differs from results encountered in sexual species, in which these genes are localized on 2 X sex chromosomes (Blackman and Spence 1996) . Because this feature seems to have originated repeatedly during the evolution of species belonging to unrelated groups (such as Heteroptera and Scorpiones), it is possible that, in certain parthenogenetic species, concentrating rDNA cistrons on one chromosomal element is advantageous. Alternatively, if the mechanism of production of the eggs in a parthenogenetic species is apomictic (completely suppressed meiosis), all the individuals of the progeny will possess similar cytogenetic features to the mother, that is, the presence of one rDNA site on the diploid chromosome set will be maintained in the species (Figure 4a) . In contrast to apomixis, the occurrence of meiosis during the maturation of the eggs (automictic Figure 4 . Types of eggs that could be produced in Tityus serrulatus, considering apomictic (A) or automictic (B) parthenogenesis and the presence of only one rDNA site on diploid set. parthenogenesis) could originate zygotes without an rDNA site due to the random segregation of the chromosomes to polar bodies (Figure 4b ). Therefore, apomixis could permit the neutrality of the chromosomal rearrangements that involved the NOR, whereas automixis or sexual reproduction could be deleterious or diminish fecundity.
In T. serrulatus, the lack of ribosomal genes in 2 chromosomes could be ascribed to translocation or deletion. In the former event, the rDNA initially present in 2 homologous chromosomes would have been transferred to one chromosomal element. In addition to the rDNA, some AT-rich sequences were also rearranged or eliminated in the chromosomal complement of T. serrulatus because the bright region was lacking in one small-sized element. The fact that AT-fluorescent bands were only verified in chromosomal preparations subjected to FISH can be attributed to the method used, which probably facilitates binding of the fluorochrome to the minor groove of the DNA. In B. rochensis (Bothriuridae), the only scorpion species whose chromosomes were investigated by CMA 3 /DA/DAPI staining, AT-rich chromatin regions were visualized only in pachytene cells, due to the low degree of chromosome condensation (Schneider et al. 2009a) .
Finally, the results obtained herein suggest that, in parthenogenetic T. serrulatus, eggs develop apomictically because, if meiosis was not totally abolished, oocytes without rDNA cistrons could be generated. In the sample studied, no meiotic cells were observed in adult and juvenile females, reinforcing the hypothesis of apomictic oogenesis. Yamazaki et al. (2001) performed histological and DNA quantification studies in L. australasiae (Liochelidae), demonstrating the occurrence of meiosis and the recovery of the diploid number in the zygote through fusion between the egg nucleus and the second polar body. These data indicate that distinct mechanisms of thelytokous parthenogenesis have been evolutionarily selected in certain species of Scorpiones that belong to different families. Additional investigations of other parthenogenetic scorpions will help to clarify the intriguing questions regarding the evolutionary significance of parthenogenesis and the mechanisms responsible for maintaining genetic variability in this group of Arachnida.
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